i
]

DISTRIBUTION STATEMENTA

i lease
oved for Public Re
AppDistribution Unlimited

AFRL-VS-HA-TR-2005—1 068

INTERNATIONAL ASTRONOMICAL UNION
98bis, Bd Arago —~ F-75014 Paris — France
Tel: +33 1 4325 8358 E-mail: iau@iap.fr
Fax: +33 143252616 Web Site: www.iau.org

VAU

STARS AS SUNS:
ACTIVITY, EVOLUTION AND PLANETS

Proceedings of the 219th Symposium
of the International Astronomical Union
held during the JAU General Assembly XXV
Sydney, Australia
21-25 July 2003

Edited by

A. K. Dupree
Smithsonian Astrophysical Observatory
Harvard-Smithsonian Center for Astrophysics
Cambridge, Massachusetts, USA

and

A. O. Benz
Institute of Astronomy, ETH-Zentrum, Zurich, Switzerland

20050630132




v > “

REPORT DOCUMENTATION PAGE

~ Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently

valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY)
06~15-2004 REPRINT

4. TITLE AND SUBTITLE
The Variability of Sunlike Stars on Decadal Timescales

5a. CONTRACT NUMBER

§b. GRANT NUMBER

§c. PROGRAM ELEMENT NUMBER
61102F '

6. AUTHOR(S)
R.R. Radick, G.W. Lockwood*, G.W. Henry** and S.L. Baliunasg***

5d. PROJECT NUMBER
2311

5e. TASK NUMBER
RD

5f. WORK UNIT NUMBER
Bl

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
Air Force Research Laboratory/VSBXS

29 Randolph Road

Hanscom AFB MA 01731-3010

8. PERFORMING ORGANIZATION REPORT
NUMBER

AFRL-VS-HA-TR-2005-1068

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)

10. SPONSOR/MONITOR’S ACRONYM(S)

11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited.

*Lowell Observatory, Flagstaff, AZ; **Tennessee State Univ, Nashville, TN;

***Harvard-Smithsonian Center for Astrophysics, Cambridge, MA

13. SUPPLEMENTARY NOTES

REPRINTED FROM: Stars as Suns: Activity, Evolution and Planets, IAU Symposium, Vol 219,

2004; A.K. Dupree and A.O. Benz, Eds.

14. ABSTRACT

Abstract. We have combined observations of about 30 sunlike stars
from Mount Wilson, Lowell, and Fairborn Observatories to extend our
joint time series from 12 to 17 years. The full range of variation on the
decadal timescale has probably now been observed for most of our pro-
gram stars. Statistical relationships between chromospheric and bright-
ness variability derived earlier by us are confirmed. Young active stars
become fainter as their chromospheric Ca II HK emission increases, while °
older less active stars such as the Sun become brighter as their HK emis-
sion increases. The Sun’s photometric variation still appears somewhat
small in amplitude compared to the other stars in this sample with similar

mean chromospheric activity.

15. SUBJECT TERMS

Solar variability Stellar variability Solar cycle

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES R. R. Radick

a. REPORT c. THIS PAGE SAR 19b. TELEPHONE NUMBER (include area

UNCLAS UNCLAS UNCLAS cods)

505-434-7035

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




ASTRONOMICAL SOCIETY OF THE PACIFIC

390 Ashton Avenue —San Francisco — California - USA  94112-1722
Phone: (415) 337-1100 E-Mail: service@astrosociety.org
Fax: (415) 337-5205 Web Site: www.astrosociety.org

ASP-CS VOLUMES & JIAU PUBLICATIONS - EDITORIAL STAFF
Managing Editor: D. H. McNamara
Associate Managing Editor: J0 W. Moody

Production Manager: Enid L. Livingston

PO Box 24463, Room 211 - KMB, Brigham Young University, Pravo, Utah, 84602-4463
Phone: (801)422-2111  Fax: (801)422-0624  E-Mail: pasp@byu edu

LaTeX-Computer Consultant: T. J. Mahoney (Spain) — fm@ll.iac.es

A listing of all other AU Volumes published by
the Astronomical Society of the Pacific, is cited at the back of this volume



Stars as Suns: Activity, Evolution, and Planets
TAU Symposium, Vol. 219, 200/
A. K. Dupree and A. O. Benz, Eds.

The Variability of Sunlike Stars on Decadal Timescales

Richard R. Radick

Air Force Research Laboratory, Space Vehicles Directorate,
Sunspot, NM, USA

G. W. Lockwood
Lowell Observatory, Flagstaff, AZ, USA

G. W. Henry
Tennessee State University, Nashville, TN, USA

S. L. Baliunas .
Harvard-Smithsonian Center for Astrophysics, Cambridge, MA, USA

Abstract. We have combined observations of about 30 sunlike stars
from Mount Wilson, Lowell, and Fairborn Observatories to extend our
joint time series from 12 to 17 years. The full range of variation on the
decadal timescale has probably now been observed for most of our pro-
gram stars. Statistical relationships between chromospheric and bright-
ness variability derived earlier by us are confirmed. Young active stars
become fainter as their chromospheric Ca II HK emission increases, while
older less active stars such as the Sun become brighter as their HK emis-
sion increases. The Sun’s photometric variation still appears somewhat
small in amplitude compared to the other stars in this sample with sirilar
mean chromospheric activity. '

1. Introduction

Chromospheric Ca Il HK emission for almost 100 stars has been monitored since
1966 frorn Mount Wilson Observatory (Wilson 1978; Baliunaset al. 1995). Over-
lapping Strémgren b, y photometric observations for about !/3 of this sarmple
were made between 1984-2000 from Lowell Observatory (Lockwood et al. 1997),
and since 1993 from Fairborn Observatory (Henry et al. 2000; Fekel et al. 2004).
We previously reported results from the first 12 years (1984-1996) of the joint
program (Radick et al. 1998). We have now successfully merged the Lowell and
Fairborn data, extending the joint time series from 12 to 17 years. Here, we will
discuss the merger process, illustrate the outcome, and update key statistical
relationships reported previously.

. 264
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2. Merging the Photometric Data

Differential photometric observations of 34 stars similar to the Sun, using a
dedicated 0.5-m telescope, began at Lowell Observatory in March 1984 and
ended in June 2000. Typically 5-10 groups, each comprising a prograin star plus
2 or 3 comparison stars, were measured each night. Each group was observed
as many as 30 times, but more typically, about 10 times per season. The same
equipment and filters were used throughout the entire observing program, so
there was no need to transform the data to a particular reference system. We
did, however, finally apply a small color correction to account for a slight drift
in the photomultiplier color response.

Parallel observations of most of these stars were begun in 1993 with a 0.75-m
automated photometric telecope (APT) of the Fairborn Observatory, located at
Washington Camp, AZ. Fairborn obtained many more observations per season
than Lowell, and its data are transformed to the standard Strémgren photomet-
ric system. »

The Lowell and Fairborn observations overlapped by up to seven years be-
fore the Lowell observations ceased. This overlap permitted us to establish accu-
rate magnitude offsets between the Lowell instrumental system and the Fairborn
standard system, typically 0.01-0.02 mag, that are adequate to provide artifact-
free combined time series for most stars. The night-to-night precision of both
databases is almost identical, a bit more than 0.0010 mag rms for the best star
pairs.

The merged data are illustrated for the program star HD1835 and its two
comparisons, HD2488 and HD1388, in the upper two panels of Figure 1. These
two panels show photometric brightness, measured in units of (b+y)/2 magni-
tudes, plotted on a common scale in the sense that brightness increases upward.
Filled and open symbols are used to plot the Lowell and Fairborn observations,
respectively. This group is one of the best behaved in the program: the compari-
son star pair (upper panel) shows an rms dispersion of 0.0018 mag over the entire
16-year time series. In obvious contrast, the program star, HD1835, measured
relative to the average brightness of the two comparison stars, is clearly variable
(center panel). The lower panel shows chromospheric HK emission variations for
HD1835, plotted in the sense that emission increases upward. Each time series
includes an embedded cubic spline fitted to the annual means.

Ideally, all groups would behave this well. For many stars, however, varia-
tions of the comparison stars were comparable to, or even larger than, those of
the program star. Indeed, both the Lowell and Fairborn programs found that
well over half of the stars observed are demonstrably variable, both on short
(night to night within seasons) and long (year to year) time scales (Lockwood
et al. 1997; Henry 1999). '

3. Patterns of Variation

When we began our study in 1984, we already knew that stars much younger
than the Sun (in particular, Hyades stars) had detectable brightness variations
of a few percent (Radick et al. 1987.) We also knew that downward fluctuations
in brightness over time scales of days were related to the disk transit of spots or
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Figure 1. The joint time series for the HD1835 group: (upper panel)
the merged differential photometry for the two comparison stars; (cen-
ter panel) the photometric variability of HD1835; and (lower panel) its
corresponding chromospheric HK emission variations. '
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Figure 2. The correlation between photometric brightness and HK
emission on year-to-year time scales, plotted as a color-activity dia-
gram. Young, active stars appear in the upper portion of the diagram,
while older, less active stars occupy the lower half. The Sun itself is
at the lower left center. The size of each symbol indicates the signifi-
cance of the correlation. Open symbols represent stars (like the Sun)
that become brighter as their HK emission increases, and filled symbols
indicate those that become fainter. The left panel shows the pattern
after 17 years, the right, after 12.

spotted regions, and in some cases we were able to derive rotation periods from
the photometric measurements. Within a few years, it also became apparent
that young active stars, such as HD1835, become fainter as their chromospheric
HK emission increases on the time scale of years, in contrast to older less active
stars such as the Sun, which become brighter as their HK emission increases.
This behavior has become even more obvious as the time series lengthened by
five additional years, at least for the young stars (Figure 2). Among the older
stars, there is still an example or two that violates the pattern, but we also know
that comparison star variability is involved in the worst one of these cases, and
perhaps others.

4. Photometric Variability as a Function of Activity

Photometric variation, measured on the decadal timescale, obeys a power law re-
lationship with respect to time-averaged chromospheric activity, with'the younger,
more chromospherically active stars being the most variable (Figure 3). This
power law has remained quite stable as the length of the time series has in-
creased. The derived slope has changed by only some 10%, and the dispersion
about the trend line has remained about the same, although the individual stars
continue to shufle about a bit, as we have gone from 12 (right panel) to 17 years
(left panel). The Sun clearly lies below the trend line in both panels, imply-
ing that its photometric variations are relatively small compared with stars of
similar mean chromospheric activity in this particular sample. Whether larger,
better-controlled samples will also show this behavior remains to be seen.




268 R. R. Radick et al.

17 seasons, max
+ T

11 sewsons, max
R T

= I'F — = 10 T - e

= =

y 1T

v 2 » 3 o) .

g 10 o { EWF te- 5

= by = . L

3 e e . - .

J g . 2 .

€ T 2, LIPS AN .

LI S N FC S TR 1

i Sun® : 0 Sun >0 ¢

t R : £

g g : : : <L

g ' S : 3 g 10 §

< H : ! 3

£ : i : = .

t o ° [ % ’ o 6

I U " . : R L \ g 107 fe . . \ .

& 54 52 50 48 46 44 42 40 G 54 51 50 48 46 44 42 40
Chromospheric Activity [log(R'w)] Chromuspl\erig Activity [log(R’wx)}

Figure 3. The power law relationship between photometric variabil-
ity and mean chromospheric activity. Variable stars are represented
by filled symbols - these only were used to determine the trend lines.
Drop lines indicate a correction for the variability of comparison stars.
The left panel shows the relationship after 17 years, the right, after 12.

5. Summary and Conclusions

We have successfully combined photometric observations of about 30 sunlike
stars from Lowell and Fairborn Observatories, extending our time series from 12
to 17 years. The stability of the statistical relationships between chromospheric
and brightness variability, derived previously, suggests that the full range of
variation on the decadal timescale has probably now been observed for most of
our program stars. The Sun's photometric variation still appears to be somewhat
small at present, compared to other stars in this sample of similar activity.

Acknowledgmérits. This work was supported at AFRL and MWO by the
Air Force Office of Scientific Research, at Lowell by a grant from the NSF, and
at TSU by grants from the NSF and NASA.

References

Baliunas, S. L. et al. 1995, ApJ, 438, 269

Fekel, F. C., Henry, G. W., Baliunas, S. L., & Donahue, R. A. 2004, in IAU
Symp. 219: Stars as Suns: Activity, Evolution, & Planets, ed. A. K.
Dupree & A. O. Benz (San Francisco: ASP), 269.

Henry, G. W. 1999, PASP, 111, 845 o

Henry, G. W., Baliunas, S. L., Donahue, R. A, Fekel, F. C., & Soon, W. 2000,
ApJ, 531, 415

Lockwood, G. W., Skiff, B. A., & Radick, R. R. 1997, ApJ, 485, 789

Radick, R. R., Lockwood, G. W., Skiff, B. A, & Baliunas, S. L. 1998, ApJS,
118, 239

Radick, R. R., Thompson, D. T., Lockwood, G. W., Duncan, D. K., & Baggett,
‘W. E. 1987, ApJ, 321, 459

Wilson, O. C. 1978, ApJ, 226, 379




